ABSTRACT: A comprehensive set of molecular-level results, primarily from classical molecular dynamics (CMD) simulations, are used to constrain CD-MUSIC surface complexation model (SCM) parameters describing rutile powder titrations conducted in RbCl, NaCl, and NaTr (Tr = triflate, CF 3 SO 3 − ) electrolyte media from 25 to 250°C . Rb + primarily occupies the innermost tetradentate binding site on the rutile (110) surface at all temperatures (25, 150, 250°C) and negative charge conditions (−0.1 and −0.2 C/m 2 ) probed via CMD simulations, reflecting the small hydration energy of this large, monovalent cation. Consequently, variable SCM parameters (Stern-layer capacitance values and intrinsic Rb + binding constants) were adjusted relatively easily to satisfactorily match the CMD and titration data. The larger hydration energy of Na + results in a more complex inner-sphere distribution, which shifts from bidentate to tetradentate binding with increasing negative charge and temperature, and this distribution was not matched well for both negative charge conditions, which may reflect limitations in the CMD and/or SCM approaches. In particular, the CMD axial density profiles for Rb + and Na + reveal that peak binding distances shift toward the surface with increasing negative charge, suggesting that the CD-MUSIC framework may be improved by incorporating CD or Stern-layer capacitance values that vary with charge.
INTRODUCTION
In situ spectroscopic and X-ray scattering techniques and computational methods are being used increasingly to precisely reveal the adsorption structures at aqueous mineral−water interfaces. 1 However, these in situ methods are still rather costly, both in time and resources, such that probing a wide range of relevant physiochemical conditions (e.g., pH, solution compositions, and temperature) is difficult. Surface complexation models (SCMs), in which chemical equilibrium expressions describing solution species binding to surface functional groups are modulated by electrostatic effects, 2, 3 can fill this niche, provided that they are able to make maximum possible use of the molecular level data given by spectroscopy, scattering, and computation to help constrain model parameters.
Considerable progress has been made in this regard. The first wave of SCMs matured in the 1970s and combined chemical reactions based primarily on solution-phase analogs with electrostatic terms from classical electrical double layer (EDL) theory. 4−7 These models can successfully describe bulk adsorption data, but it was soon realized that a given set of model parameters was not unique. That is, a different yet equally plausible parameter set could describe a given set of adsorption data equally well. 8 Furthermore, the derived parameters were in general found to be invalid outside the narrow range of conditions at which the parameters were determined. Although relevant spectroscopic studies also began to appear in the 1970s, it was not until the mid-1980s that in situ spectroscopic techniques, such as FTIR 9 and synchrotronbased X-ray methods, 10 began to provide the detailed information most useful for constraining SCM parameters. Corresponding computational studies were slower to appear, but by the mid-1990s, computational speed was adequate and available enough for progress to be made. 11, 12 SCMs have also evolved to better utilize molecular scale information. The extended triple layer model (ETLM) of Sverjensky and Fukushi 13 is able to incorporate inner-sphere oxyanion adsorption structures observed spectroscopically. Crystal face specific detail in combination with bond valence theory was used to develop the MUSIC model of surface protonation, 14 which made it possible to estimate and hence constrain relevant intrinsic surface protonation constants within SCMs. Bond valence theory was also incorporated into the charge distribution (CD) concept, whereby adsorbed charge is distributed at the interface according to adsorbate structure. 15 These concepts are combined in the CD-MUSIC model, which represents the current state-of-the art SCM, as it has proven capable of incorporating the widest variety of molecular scale information. 16 Here, we utilize a comprehensive set of molecular scale information, primarily from classical molecular dynamics (CMD) simulations, that spans a wide range of charge and temperature to help constrain CD-MUSIC model parameters describing rutile titration data collected in RbCl, NaCl, and NaCF 3 SO 3 [CF 3 SO 3 − = triflate (Tr)] electrolyte media from 25 to 250°C. Although some of these data have been described before with various SCMs, including CD-MUSIC, 17 the present set of CMD and titration data constitute the most compatible and complete sets of molecular and macroscopic information currently available to help constrain SCMs. Consequently, we endeavored to formulate CD-MUSIC SCMs for the RbCl− rutile and combined NaCl−NaTr−rutile systems that are as molecularly consistent as possible. Although a perfect correspondence between the CMD and CD-MUSIC results was not expected, CD-MUSIC was able to incorporate many of the CMD results while also providing good fits to the macroscopic titration data. Moreover, the discrepancies noted suggest CD-MUSIC could be improved by incorporating charge-dependence into the CD or Stern-layer capacitance values.
COMPUTATIONAL AND EXPERIMENTAL METHODS
Most of the computational and titration results presented and discussed here were generated with methods that have been described previously. Accordingly, only brief method summaries and relevant literature citations are provided here.
2.1. Classical Molecular Dynamics (CMD) Simulations. We used the same interaction models of the (110) rutile surface, SPC/E water, and ions as in our previous work. 18 −21 The relaxed surface structure and flexible surface groups within fixed bond lengths and flexible bond angles with ab initio determined parameters and partial charges described the rutile (110) surface. The interactions among Ti and O surface atoms were found to be properly described by the Matsui and Akaogi potential, 22 and interactions between surface oxygen and aqueous species were described by assigning SPC/E LennardJones parameters to the surface oxygen atoms. The interactions between oxygens of water and Ti atoms were fit to DFT data and then to a Lennard-Jones potential. Lorentz−Berthelot combining rules were used for the interactions between Ti atoms and ions. The cations were either Rb + or Na + , and the anion was Cl − for all simulations. Our starting surface configuration was the neutral, "nonhydroxylated" (110) surface of rutile wherein water molecules are physisorbed atop each under-coordinated surface Ti atom, and bridging oxygen atoms are unprotonated. Each of the two opposing surfaces constraining the aqueous layer had lateral dimensions of 35.508 × 38.981 Å, and the separation between the two surfaces was about 50−60 Å, adjusted to yield the desired pressure.
The neutral surfaces were fully nonhydroxylated, that is, with water molecules physisorbed atop surface Ti atoms, while the negatively charged surfaces with a surface charge density of −0.104 C/m 2 were prepared by addition of 18 terminal hydroxyls and the −0.208 C/m 2 surfaces were prepared by addition of 36 terminal hydroxyls. The positive +0.104 C/m 2 surfaces were prepared by protonation of 18 bridging oxygens to form bridging hydroxyls. With 144 terminal sites and 144 bridging sites, the surfaces remained predominately nonhydroxylated under these charge conditions. The charged surface species (hydroxylated terminal or protonated bridging sites) were set at the beginning of the simulation according to the desired surface charge density and along with SPC/E water did not undergo any proton-exchange reactions. The partial charges of surface atoms were obtained with the same approach as used in our previous studies of hydroxylated and nonhydroxylated surfaces, 18−21 and the resulting values are given in Table 1 . The simulated systems were always charge neutral, with the surface charge compensated by adjusting the numbers of ions in the simulation box as given in Table 2 . The bulk concentration of ions in the central region of the slab was approximately 0.3 M, whereas concentrations near the interface were much higher (Figures 1 and 2 23 and thereafter exhibited indistinguishable point of zero net proton charge values (pH znpc ) between 25 and 250°C. Titrations at 25°C and some at 50°C were conducted with a glass-electrode autotitrator system, while some titrations at 50°C and all titrations at 100, 150, 200, and 250°C were conducted in stirred hydrogen-electrode concentration cells. 23−25 Briefly, 1− 1.5 g samples of rutile powder, dominated by the (110) crystal face, were suspended in 40−50 mL of acidic solutions (pH 17 but with modifications to account for the CMD simulations presented here. The most significant of those modifications were (1) the use of the nonhydroxylated rather than hydroxylated surface results (rationale provided in section 4.1 below); (2) the use of CMD results to 250°C rather than only 25°C; (3) the fixing of CD values and reaction stoichiometry based on the distribution of oxygen atoms (bridging oxygens, terminal oxygens, water molecules) in the first coordination shell of Rb + , Na + , and Cl − as obtained from CMD simulations; and (4) observed CMD Rb + and Na + site binding ratios (e.g., bidentate/tetradentate) provided numeric targets for SCM fitting.
The ion binding reactions utilized in the SCM were formulated to match the binding configurations observed in the CMD simulations with a few exceptions. First, triflate was the electrolyte anion for some of the titration data ( Figure 3 , right panels), but the CMD simulations only considered Cl − . However, NaCl and NaTr titration data conducted at the same temperature and ionic strength were combined and fit together. This was justified because differences between NaCl and NaTr titration data were negligible, at least in part because the titration range over which positive surface charge can develop (below the pH znpc ) is relatively limited (approximately, pH 5.4−2.7). Moreover, Tr − (via the SO 3 − group) may interact with positively charged surface groups similar to Cl − (section 3.1 below). Second, the CMD observed replacement of some terminal water molecules by Cl − at positive surface charge (e.g., Figure 2 ) was not included in the SCM. These differences are discussed in more detail below. The Journal of Physical Chemistry C Article adsorbed ions with respect to surface atoms. These boundaries are at 4.16, 5.3, and 7.7 Å above the (110) Ti−O surface plane for the tetradentate/bidentate, bidentate/outer sphere, and outer sphere/bulk solution boundaries, respectively, which are the same as those determined for the hydroxylated surface. 21 Identical boundaries are shown for the Cl − axial profiles in Figure 1 (right column) only to facilitate comparison with the distribution of Rb + (and Na + in Figure 2 ). Those boundaries do not delineate specific Cl − binding geometries, since those were not determined separately. Note that the concentration of adsorbed Rb + is much higher than that of Cl − on negatively charged surfaces, comparable at neutral surfaces, and lower than that of Cl − only on the positively charged surface. Binding is overwhelmingly inner-sphere tetradentate (TD); that is, Rb + is bound to two terminal oxygens (TO) and two bridging oxygens (BO) at negative surfaces, with much smaller amounts of inner-sphere bidentate (peak at ca. 4.7 Å) and outer-sphere (OS) Rb + (peak at ca. 6 Å) also present. Bidentate Rb + binding includes adsorption to two TOs (TOTO) and one TO and one BO (BOTO), with these being difficult to distinguish on the axial density profile because of the large size of Rb + and the corresponding Rb−O pair correlation function. 21 Moreover, temperature has minimal effect on Rb + distribution at negative surfaces. Small amounts of TD and OS Rb + are present on the neutral surface, and adsorbed Rb + is barely perceptible at 0.1 C/m 2 .
The Cl
− profile at 0.1 C/m 2 is rather complex and temperature-dependent. The innermost peak centered near 3.1 Å represents Cl − adsorbed in an inner-sphere fashion via exchange with water molecules adsorbed to terminal Ti atoms, and in terms of the SCM detailed below, it can be depicted as follows:
The peak near 4.5 Å represents Cl − in contact with the hydrogen of protonated bridging oxygen (BOH) groups, whereas the peak near 5 Å is populated by Cl − also localized above BOH groups, but not in direct contact with them. Hence, they can be classified as inner-and outer-sphere monodentate, respectively. Finally, a minor outermost peak is also apparent near 6.3 Å at 25°C and represents Cl − bound in a nonlocalized, outer-sphere fashion.
MD simulations with triflate as the anion were not conducted. However, the interaction of this anion with the positively charged rutile surface may be similar to that of Cl ) may be in contact with or otherwise be localized above the hydrogen of protonated BOH groups. That the NaCl and NaTr titration curves are indistinguishable in the positive surface charge region would seem to support this hypothesis. Admittedly, however, how the triflate anion actually interacts with the (110) rutile surface awaits molecular scale investigation. Figure 2 shows the NaCl molar ion axial concentration profiles at the −0.2, −0.1, 0, and 0.1 C/m 2 charge states with the vertical lines representing boundaries between various Na + binding sites. These boundaries are at 3.15, 3.80, 4.65, and 6.7 Å for the TD/BOTO, BOTO/TOTO, TOTO/outer sphere, and outer sphere/bulk solution boundaries, respectively. Boundaries on the hydroxylated surface were slightly different, 3.13, 3.50. 4.75, and 7.0 Å, respectively. 21 Unlike for Rb + , the The Journal of Physical Chemistry C Article bidentate BOTO and TOTO configurations can be distinguished by peaks at ca. 3.4 and 3.9 Å, respectively. In addition, the Na + profiles show a much more complex charge and temperature dependence than those for Rb + . Inner-sphere TD, BOTO, and TOTO species are all present at both negative charge conditions, with BOTO the dominant bidentate complex and the TD complex increasing with both negative charge and temperature. Similar trends also occur on the negative hydroxylated surface, where, however, the dominant bidentate complex is TOTO under ambient conditions and for −0.1 C/m 2 charge, even at elevated temperatures. 21 The interfacial distribution of Cl − is similar to that observed for RbCl.
The numbers of Rb + and Na + ions adsorbed at the binding sites identified for all modeled charge states and temperatures are given in Table 3 , along with the total number of Cl − ions within the outer-sphere boundary, irrespective of binding state. These data, or more specifically ratios between dominant adsorption sites (e.g., BOTO/TD for Na + ), were used to help constrain the SCM results presented and discussed below. We also calculated the average numbers of BO's, TO's, and oxygens of water molecules in the first solvation shells of Rb + and Na + in the various adsorption geometries and in the bulk at the −0.2, −0.1, and 0 C/m 2 charge states and for Cl − in the 0.1 C/m 2 charge state. Oxygen atoms were counted up to the minimum after the first peak of the g ion-O radial distribution functions, which were 3.81, 3.26, and 3.86 Å for Rb + −O, Na + −O, and Cl − −O, respectively, for all oxygens, temperatures, and charge states. These numbers were used to determine adsorption reaction stoichiometry (Table 4) and to fix the charge distribution (CD) values (Table 5 ) associated with the SCM.
3.2. Rutile Titrations. Titration results and SCM fits at all temperatures are given in Figure 3 for RbCl media (left) and NaCl(Tr) media (representing combined NaCl and NaTr media titrations) (right). The NaCl and NaTr data for batch 2 rutile were combined, since titration curves were indistinguishable at each temperature and ionic strength (0.03 and 0.30 m) investigated. The results are presented relative to the pH of zero net proton charge (pH znpc − pH) at each temperature, which clearly highlights surface charge differences with respect to both temperature and ionic medium. The NaCl(Tr) titration data also revealed that the batch 1 curves were noticeably steeper than batch 2 curves above the pH zpnc at 25, 50, and 100°C , while differences were negligible at 150, 200, and 250°C. The inset in the lower right panel of Figure 3 presents these differences at 25 and 100°C for 0.30 m NaCl. It is apparent that the batch 1 surface charge data (dashed lines) are steeper than the batch 2 results (solid lines) under negative charge conditions (pH znpc − pH < 0) and that the difference is greater 
a The variables v, w, x, y, and z represent the number of TiOH 2 0.566+ groups participating in the various inner-sphere Rb + and Na + complexes modeled as given in Table 5 .
The Journal of Physical Chemistry C Article Table 5 The Journal of Physical Chemistry C Article at 25°C than at 100°C. The specific reasons for these differences are not known, although temperature may have played a role, since the batch 1 and 2 curves coalesced at 150°C and above. It is also possible that factors such as particle morphology, surface roughness, or other defects could have contributed to the differences. Bourikas et al. 26 divided the room temperature charging data for titanium oxides into those with higher (1.6 C/m 2 ) and lower (0.9 C/m 2 ) Stern-layer capacitance values and suggested that the difference was due to surface roughness, with the lower capacitance group being more well-crystallized. Livi et al. 27 characterized the atomic scale edge morphology of the same batch 2 rutile used in this study with detailed STEM HAADF imaging and estimated that one-third of the predominant (110) faces may be populated by steps at the atomic scale. Although batch 1 rutile was not similarly characterized, it is conceivable that its step population or other imperfections could be significantly different from those of batch 2 rutile and affect charging behavior. It is also possible that the batch differences become less apparent above 100°C, because surface imperfections are somehow smoothed at the relatively acidic conditions (pH ∼2.7) from which the rutile titrations commenced after an overnight equilibration period. 25 In any case, the 25, 50, and 100°C NaCl(Tr) data presented in Figure 3 are for batch 2 rutile, while combined batch 2 and batch 1 data are presented at 150, 200, and 250°C. The experimental data and SCM model fits for Figure 3 and for all additional experimental conditions are provided in the Supporting Information. Table 4 . Note that the fractional charges for the TO and BO groups, as well as their protonation reactions and corresponding equilibrium constants, come directly from earlier work. 28 However, all other reactions in Table 4 have not been used before and were formulated to closely match observed CMD binding configurations. Specifically, the configurations that involve TO groups in innersphere Rb + and Na + binding (e.g., TD, BOTO, and TOTO) explicitly incorporate the number of those TO groups existing as TOH 2 in the adsorption complex. Those quantities are represented by the variables, v, w, x, y, and z, in Table 4 and represent the number of TOH 2 groups participating in TD Rb + , bidentate (TOBO+TOTO) Rb + , TD Na + , BOTO Na + , and TOTO Na + adsorption complexes, respectively. Table 5 contains the numerical values for these variables as determined from the CMD simulations. The number of TOH groups participating in the various adsorption complexes are then fixed by difference as, for example, 2 − v for TD Rb + and 1 − y for BOTO Na + . Additionally, all Cl − binding is represented solely by the observed inner-sphere association with BOH groups (section 3.1).
Surface Complexation Modeling. The ion binding reactions used are given in
The SCM fitting process was as follows. The numbers of Rb + and Na + ions in specific binding configurations (Table 3) were used to calculate binding site ratios at each negative and neutral charge condition and temperature (e.g., BOTO/TD), which were then matched as closely as possible by adjustment (both freely optimized and manual) of the corresponding Stern-layer capacitance values and intrinsic binding constants. Corresponding CD values were fixed at values predicted from the CMD simulations. These CD values were fixed on the basis of the inner-sphere binding configurations observed (TD = 4, BOTO +TOTO = 2), divided by the total number of oxygen atoms in first coordination sphere of Rb + and Na + (the O tot values in Table 5 ) at the temperature-averaged CD value (CD = z/n = −1/7.03 = −0.14) for all SCM simulations.
Model parameters are given in Table 5 for rutile in RbCl media (top), NaCl(Tr) media (middle), and NaCl media (bottom). All RbCl titrations utilized batch 2 rutile and all NaCl-only titrations (bottom panel) utilized batch 1 rutile. The NaCl(Tr) parameters given in the middle panel represent only batch 2 rutile at lower temperatures (25, 50, 100°C) and combined batch 1 and batch 2 rutile at higher temperatures (150, 200, 250°C), since the surface charge curves at both 0.03 and 0.30 m were virtually indistinguishable. The protonation constant (log K H1 and log K H2 ) and pH of zero net proton charge (pH znpc ) values are from previous studies, 23, 28 while the Stern-layer capacitance values (C S ), as well as the remaining log K and model selection criterion (MSC) values, were determined in this study.
DISCUSSION
4.1. Nonhydroxylated vs Hydroxylated CMD Results. Our CMD simulations employ nondissociable SPC/E water molecules, and hence, bulk or surface proton exchange reactions are not possible during simulation. Consequently, the charge state of the surface must be set manually beforehand, starting from either the neutral hydroxylated or neutral nonhydroxylated surface. On the neutral hydroxylated surface, hydroxyl groups terminate 5-fold coordinated Ti atoms (Ti− OH) and each BO atom is protonated (BOH), while the neutral nonhydroxylated surface is populated by bare BO atoms and water molecules terminate the 5-fold coordinated Ti atoms (Ti−OH 2 ). In alternate terminology, water is "associated" on the nonhydroxylated surface and "dissociated" on the hydroxylated surface. Charge is generated on the hydroxylated surface by either removing protons from BOH groups to create negative charge or adding protons to Ti−OH groups to create positive charge, while protons are removed from Ti−OH 2 groups or added to BO groups to generate negative or positive nonhydroxylated surfaces, respectively.
These differences impact our SCM efforts because hydroxylated and nonhydroxylated surfaces bind ions somewhat differently. This was first noted by Prědota and Vlcek, 20 and a more specific comparison can be made between the nonhydroxylated results of the present study and the hydroxylated surface results reported by Prědota et al., 21 which concern the same ions, surface charge states, and temperatures. Boundaries between the various binding configurations, particularly for Na + , are a bit different between the hydroxylated and nonhydroxylated simulations (see section 3.1). Nevertheless, ion-binding trends for both surfaces are similar, most notably in that under negative charge conditions TD binding of Rb + is always dominant and becomes more so for Na + with increasing negative charge and temperature. The most significant difference concerns bidentate binding, where BOTO binding tends to dominate at nonhydroxylated surfaces and TOTO binding at hydroxylated surfaces. This difference is understandable given that BOs are unprotonated at nonhydroxylated surfaces and TOs usually contain one proton (rather than two) at hydroxylated surfaces. There is also more
The Journal of Physical Chemistry C Article inner-sphere binding of Na + (as TOTO) at neutral hydroxylated surfaces than at neutral nonhydroxylated ones. Chloride binding at +0.1 C/m 2 charge is also similar at both surfaces, but with somewhat greater replacement of terminal water molecules (eq 1) at the nonhydroxylated surface because associated water molecules occupy all terminal sites on the positive nonhydroxylated surface but only one-eighth of these sites on the positive hydroxylated surface.
In our MUSIC model surface protonation scheme, 28 the protonation constant of BO is less than that of Ti−OH (K H2 < K H1 in Table 5 ), meaning that the more acidic BO will be the dominant negatively charged site, and conversely, Ti−OH 2 will be the dominant positively charged site. At 25°C and the pH znpc (5.4) about 77% of the rutile (110) surface groups exist as BO and Ti−OH 2 combined. As these are also the dominant site types on the nonhydroxylated surface, our SCM modeling efforts focused on matching the CMD results for that surface. Moreover, there is other molecular-level support for the dominance of BO and Ti−OH 2 on the neutral rutile (110) surface. Kumar et al. 29 found that water was 25% dissociated (corresponding to 75% Ti−OH 2 + BO surface groups) on the rutile (110) surface from DFTMD simulations, although in a later study they cautioned that DFT alone was unable to definitively distinguish between partially dissociated and fully associated water because of the small energy differences involved. 30 Raju et al. 31 predicted water to be 23% dissociated on the rutile (110) surface from MD simulations with the REAXFF force field, while Huang et al. 32 observed 10% dissociated water also via REAXFF MD simulations. Titanium− oxygen distances are longer for Ti−OH 2 than for Ti−OH, with the plane wave DFT calculations of Bandura et al. 33 providing distance ranges of 2.20−2.30 Å for the former and 1.88−2.00 Å for the latter. Given this difference, Zhang et al. 34 were able to estimate from X-ray crystal truncation rod measurements in DI water (pH 5.6) that the observed Ti−O distance of 2.13 Å corresponded to 30(±15)% dissociated water. The Ti−O distance decreased to 2.05 Å at pH 12 in the presence of 1 m RbCl, from which they estimated that dissociated water had increased to 65(±15)%. In comparison, our MUSIC model surface protonation scheme predicts water is about 84% dissociated under those solution conditions. 4.2. SCM Parameter Trends. SCM fits to the RbCl and NaCl(Tr) titration data are generally good, as can be seen in Figure 3 , as well as in the data tabulated in the Supporting Information. The MSC values in Table 5 quantify the goodness of fit and range from 3.6 to 6.5. Various other modeling schemes have also been used to fit some of these titration data, and similar or even higher MSC values have resulted. 17, 28 However, the present SCM results are constrained more fully by the available molecular level information, particularly over a wide range of temperatures and surface charge states.
The present SCM is based on that developed by Ridley et al., 17 and consequently, modeled reactions are similar, consisting of inner-sphere tetradentate and bidentate adsorption, as well as outer-sphere binding. Moreover, some of the same titration data were fit by Ridley et al., 17 specifically those for batch 2 rutile in both RbCl and NaCl media at 25 and 50°C . Consequently, it was possible to fix the batch 2 Stern-layer capacitance values (C S ) to those determined by Ridley et al. (Figure 3 , left) being more than offset by the effect of the temperature increase on the SCM electrostatic terms, which are simulated with the C S and CD parameters. That is, model-derived surface potentials increase with temperature, for example, from 55 mV/pH unit at 25°C to 88 mV/pH unit at 200°C, which is similar to the increase in the Nernst potential slope over the same temperature range (59−94 mV/pH unit). Consequently, given that CD values were held at CMD-derived values, C S values needed to decrease to moderate the increased potentials.
As temperature increases, negative surface charge development increases much more sharply in NaCl(Tr) than RbCl media, reflecting the movement of more Na + to the innermost TD binding site (Figure 2) , whereas TD binding always predominates for Rb + under negative charge conditions ( Figure  1) . Consequently, the intrinsic Na + TD binding constant increases more between 25 and 250°C (log K from −1.55 to −0.20) than does the Rb + TD constant (from −1.00 to −0.35). The remaining binding constants for both Rb + and Na + are less temperature dependent. The bidentate BOTO constants for both Rb + and Na + increase slightly between 25 and 250°C, while the Na + TOTO constant and Na + OS constant decrease slightly, again reflective of both Rb + and Na + moving closer to the surface with increasing temperature as BOTO and ultimately TD adsorption complexes. In our previous SCMs utilizing the batch 1 NaCl data, 23, 35, 36 we considered Na + binding to be dominated by one complex over the entire range of pH and temperature, which the CMD results demonstrate is too simple a picture. The decreased degree of cation hydration with increasing temperature is also reflected in the CMD-derived CD values for TD binding, which increase slightly (≤0.05 valence units) with temperature. For example, the total number of oxygen atoms in the first coordination sphere of Na + adsorbed in TD fashion at −0.2 C/m 2 charge are 6.76 at 25°C and 6.26 at 250°C (Table  5) , which results in CD values of 0.59 (4/6.76) and 0.64 (4/ 6.26), respectively. The CMD-derived bulk solution primary hydration numbers for Rb + and Na + also decrease with increasing temperature, consistent with previous studies. 37, 38 Some of the CMD results for Cl − binding were also incorporated into the SCM, even though Cl − binding trends with respect to charge could not be established because of the narrow pH window experimentally available. Nevertheless, given that CMD axial density profiles for Cl − were very similar in both RbCl and NaCl media, as expected, the corresponding SCM parameters were constrained to be equal for the single inner-sphere monodentate complex considered.
4.3. Binding Site Ratio Agreement. The site occupancies given in Table 3 were used to calculate binding site ratios (e.g., BOTO/TD) for Na + at the −0.2, −0.1, and 0 C/m 2 charge states to provide numeric targets for SCM fitting. Despite numerous attempts, it was not possible to match any single ratio at all charge states for any temperature closely. Consequently, the −0.2 C/m 2 charge state and the ratios between the predominant inner-sphere Rb + and Na + adsorption configurations at that charge state, (BOTO + TOTO)/TD and BOTO/TD, respectively, were chosen as the primary numeric targets. SCM parameters (Stern-layer capacitance values and relevant binding constants) were adjusted (typically free
The Journal of Physical Chemistry C Article optimization followed by manual adjustment) to best match the CMD ratios using the 0.3 m ionic strength experimental data (nearest the effective ionic strength of the CMD simulations), while also attaining a reasonable fit to all experimental data.
The MD and fitted SCM ratios for Rb + are given in Figure 4 (top). Rb + (BOTO + TOTO)/TD ratios are always <0.30
because of the dominance of the TD complex. Consequently, closely matching the −0.2 C/m 2 ratios also resulted in reasonable agreement at −0.1 and even 0 C/m 2 , even though only fractions of Rb + atoms contribute to the ratio at the latter charge condition (e.g., 0.15/0.58 at 150°C).
The Na + BOTO/TD ratios (Figure 4 , bottom) decrease with increasing temperature because of the increasing dominance of TD binding. Ratios vary more widely than those for Rb + , ranging from 1 to 100 (with 100 a rough estimate because no Na + was bound in TD fashion at 0 C/m 2 and 25°C). After adjusting the TD and BOTO binding constants to closely match the BOTO/TD ratios at −0.2 C/m 2 , the ratios at −0.1 and 0 C/m 2 were significantly underpredicted. This mismatch also extended to other ratios, in particular to those between BOTO and TOTO for all charge conditions. Despite these discrepancies, only small adjustments to the intrinsic binding constants were necessary to better match binding site ratios at Table 5 ).
Limitations in both the CMD and SCM approaches are likely responsible for the inability to better match all Rb + and Na + ratios simultaneously. The CMD model employs nondissociable SPC/E water, which requires the modeled surface charge states to be set manually. 19 Moreover, our basic Stern SCM is composed of two smooth planes of charge (one representing the surface and the second the oppositely charged Stern plane), and electrostatic potentials are governed by continuum electrostatics, both of which are rather crude approximations at the molecular level. One manifestation of continuum electrostatics, as embodied in the Gouy−Chapmann−Stern theory, is apparent in Figure 4 , where, as temperature increases, the predicted site ratios increase more slowly between −0.2 and 0 C/m 2 charge. This follows directly from temperature appearing in the denominator of the Boltzmann factor, exp(−FΨ/RT), used to correct intrinsic binding constants (Table 5) Nevertheless, the present CMD and titration data, spanning a wide range of charge and temperature, constitute the most compatible and complete sets of molecular and macroscopic information currently available to help constrain SCMs. 4.4. SCM Agreement with Other Molecular Scale Information. Several other types of molecular scale information exist with which to help gauge the accuracy of the SCM approach, at least near room temperature. That the nonhydroxylated surface better agrees with our surface protonation scheme, as well as with computational and experimental evidence that water is partially dissociated on the neutral (110) surface, is discussed in section 4.1. Additionally, the X-ray crystal truncation study of Zhang et al. 34 determined that the monolayer surface coverage of tetrahedrally coordinated Rb + (1 ML = 1 Rb + per 19.24 Å 2 ) was 0.4 ± 0.1 ML in 1 m RbCl at pH 12. Although these solution conditions are beyond those directly included in the SCM, extrapolation to those conditions results in a very similar surface coverage of 0.38 ML. In a related study, Kohli et al. 39 used resonant anomalous X-ray reflectivity (RAXR) to interrogate the vertical density profile of Rb + in 1 mM RbOH solution at pH 11 above the rutile (110) surface. Extrapolating the SCM to those solution conditions results in 0.12 ML coverage, which compares less favorably with that measured (0.080 ± 0.003 ML). Additionally, the root-meansquare width of the RAXR data (0 ± 0.2 Å) is consistent with the multisite nature of the CMD (and SCM) results. That is, mostly tetradentate binding but also some bidentate Rb + binding.
There is also some molecular level support for the fitted (C S ) values at 25°C, which is the primary SCM fitting parameter governing interfacial electrostatics. Parez et al. 40 investigated the dielectric properties of water above the rutile (110) surface at 25°C with nonequilibrium CMD simulations. CMD-derived C S values depend sensitively on the location of the surface 2 ) as represented by eq 1 was not included. Preliminary modeling indicated that a significant quantity of such replacements resulted in flatter simulated titration curves below the pH znpc , which mimicked the higher temperature 0.03 m NaCl(Tr) data (Figure 3 right) but not the corresponding RbCl titrations (Figure 3 left) , which showed no such flattening. Moreover, establishing definitive titration data trends below the pH znpc was not possible because the accessible pH range is narrow and the "missing" proton concentration is small relative to the free proton concentration in these acidic solutions. Therefore, the replacement reaction was not incorporated into the final SCM.
A more subtle CMD adsorption trend was the inward movement of Rb + and Na + with increasing negative charge, even when bound in the same adsorption configuration. This is illustrated in Figure 5 for Rb + (top) and Na + (bottom) and results from increased Coulombic attraction. Between −0.1 and −0.2 C/m 2 , the movement inward amounts to about 0.1 Å, which, although slight, is not accounted for in the present or any other SCM. A potential incorporation strategy would be to formulate charge-dependent CD and/or C S terms, but how to do that while the relative simplicity of SCMs is also maintained is not yet apparent. It should be noted that such a chargedependent CD or C S SCM would be distinct from the variable capacitance model (VCM) recently proposed by Boily, 42 in which interfacial capacitance values are crystal face specific.
The inward movement of Rb + due to increased Coulombic attraction may also explain the 0.28 Å height increase for Rb + in TD coordination in going from the XR results of Zhang et al. 34 to the RAXR results of Kohli et al. 39 The former study was conducted in 1 m RbCl at pH 12 and the latter in 0.001 M RbOH at pH 11, and extrapolating our SCM for Rb + to those conditions results in estimated surface charges of −0.39 and −0.16 C/m 2 , respectively. Consequently, the lower negative charge in the Kohli et al. 39 study and the resulting decreased Coulombic attraction may at least be partly responsible for the higher Rb + adsorption height (3.72 vs 3.44 Å) they reported 39 
SUMMARY AND FUTURE DIRECTIONS
The CD-MUSIC SCMs we have formulated for the RbCl− rutile and combined NaCl−NaTr−rutile systems are the most molecularly consistent SCMs yet available over a wide range of temperature, pH, and ionic strength. Our ability to quantitatively constrain CD-MUSIC was more successful for RbCl than for NaCl(Tr) media. This was because Rb + binding is predominately tetradentate under all negative charge conditions and temperatures, which meant that only the tetradentate binding constant required significant adjustment in order to reflect the dominance of that site, while also providing a good fit to the corresponding titration data. In NaCl media, however, two types of bidentate binding, in addition to tetradentate binding, were significant at lower negative charge and temperatures. Despite numerous adjustments to the corresponding tetradentate and bidentate binding constants, we were not able to achieve a close match between the constrained CD-MUSIC fits to the titration data and the bidentate/tetradentate binding site ratios for Na + observed via CMD at both negative charge conditions (−0.2 and −0.1 C/ m 2 ). Consequently, we settled for a good match at −0.2 C/m 2 . The CMD results also revealed that adsorbed Rb + and Na + were drawn closer to the rutile (110) surface with increasing negative charge even when bound in the same adsorption configuration (e.g., tetradentate). Although this movement is not captured in CD-MUSIC (or any other SCM) it could be mimicked by incorporating Stern-layer capacitance or CD values that vary with charge in future versions of the model. Moreover, since the CD and Stern-layer capacitance values that govern the electrostatic component of CD-MUSIC are based on mean field electrostatics, it is possible that more sophisticated potential of mean force electrostatic approaches will yield more robust SCMs. 43 Future SCMs must utilize more realistic molecular modeling inputs that incorporate dissociable The Journal of Physical Chemistry C Article water as well as water and ion polarizability. Additionally, the models need to be applied to a variety of mineral−water interfaces over a range of physical−chemical conditions. These interfaces should include those bounded by well-defined crystal faces and various aqueous solution compositions, which, when characterized by a wide variety of experimental techniques including surface charge and ion adsorption experiments, will provide corresponding macroscopic data for developing ever more realistic SCMs.
■ ASSOCIATED CONTENT * S Supporting Information An Excel file containing the rutile powder titration data and model fits discussed; the first worksheet contains the data and model fits for the RbCl media titrations, and the second worksheet contains the data and model fits for the NaCl(Tr) media titrations. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/ acs.jpcc.5b02841. 
